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O ! Abstract 

I present results for the top quark rapidity distribution at LHC and Tevatron en- 
ergies, including higher-order corrections from threshold resummation. The next-to- 
next-to-leading-order (NNLO) soft-gluon corrections at next-to-next-to-leading-logarithm 
(NNLL) level are added to the NLO result. Theoretical predictions are shown for the 
rapidity distribution, including the scale dependence of the distributions. The forward- 
backward asymmetry at the Tevatron is also calculated. 

1 Introduction 
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The study of the top quark has a central role in current collider physics research programs. 
The experimental measurements of the ti quark cross section at the Tevatron [H [2] and the 
LHC [3j H], and of the top quark transverse momentum distribution at the Tevatron [51 [6] 
are currently in good agreement with theoretical predictions [74 [8] . The rapidity distribution 
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and the forward-backward asymmetry (or charge asymmetry) have also been measured at the 
Tevatron pi [H)] ■ The forward-backward asymmetry has been found to be surprisingly large. 
This apparent discrepancy with theory, as well as the fact that experimental errors continue to 
get smaller, make precise theoretical calculations in the Standard Model necessary, in order to 
be able to clearly identify any effects of new physics. 

Next-to-leading order (NLO) calculations of the QCD corrections to ti production have 
been available for over two decades [HI [12] but the associated uncertainty is much bigger than 
current experimental errors for the total cross section. The inclusion of higher-order soft-gluon 
corrections enhances the cross section and transverse momentum distribution and significantly 
reduces the theoretical error [7J. 

Recent theoretical predictions use approximate next-to-next-to-leading order (NNLO) cal- 
culations based on next-to-next-to-leading-logarithm (NNLL) resummation of soft-gluon cor- 
rections for the differential cross section [7J . To achieve NNLL accuracy in the resummation we 
have calculated the soft anomalous dimensions at two loops [7J [T3], E] ■ These soft-gluon correc- 
tions dominate the cross section for ti production and at first-order they provide an excellent 
approximation to the exact NLO corrections at both Tevatron and LHC energies (TJE]. 

We begin with the double differential cross section, d 2 a/ [dp\ dY), where px is the transverse 
momentum of the top quark, and Y is the rapidity of the top quark in the hadronic center-of- 
mass frame. We use our resummation formalism to calculate soft-gluon contributions for this 
differential cross section (see [7J and references therein). The total cross section was calculated 
in [7J by integrating over both p T and rapidity. In [7J the px distribution, da/dpx was also 
calculated by integrating the double differential cross section over rapidity. 
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In this paper we calculate the rapidity distribution, da/dY, by integrating the double dif- 
ferential cross section over the transverse momentum 

da fP 2 T + d 2 a 2 

dY=Jo dpfdY dPT (L1) 

where the upper limit of integration is = S'/(4cosh 2 y) — m 2 , with m the top quark 
mass and S the squared hadronic center-of-mass energy. The total cross section can also be 
calculated by integrating Eq. ( II. ip over Y with integration limits ±(l/2)ln[(l + j3)/(l — f3)} 
where /3 = yl — Am 2 /S, which serves as a further check on the calculation. 

In the next Section, we calculate the rapidity distribution at the LHC at 7 and 14 TeV 
energy while in Section 3 we do the calculation for Tevatron energy. In Section 4 we discuss 
the top quark forward-backward asymmetry at the Tevatron. We conclude in Section 5. 



2 Top quark rapidity distribution at the LHC 

We begin with a study of the top quark rapidity distribution at the LHC. We show results for 
the current LHC energy of 7 TeV and the future (design) energy of 14 TeV. We present NLO 
and approximate NNLO calculations for the rapidity distribution. The NNLO approximate 
rapidity distribution is computed by adding the NNLO soft-gluon corrections, derived from 
NNLL resummation, to the exact NLO result. In our calculations we use the MSTW2008 
NNLO parton distribution functions [T5] . 

The top quark rapidity distribution at the LHC at 7 TeV energy is plotted in Figs. ED and 
EJ We use m = 173 GeV, currently the best value for the top quark mass [16J. We denote by 
\i the common factorization and renormalization scale. Fig. [1] shows NLO and approximate 
NNLO results for the differential distribution da/dY for three different scale choices, \i = m/2, 
m, and 2m. The scale variation of the Y distribution at NNLO is much smaller than that at 
NLO, consistent with the results in Ref. [Zj for the total cross section and distribution. 

Figure [2] presents the results at 7 TeV for da/dY in a logarithmic plot for a wider range of 
rapidity values. It is clear that da/dY falls off very quickly for larger rapidities. From both 
Figs. [1] and [2] we see that the NNLO soft-gluon corrections contribute an enhancement to the 
NLO rapidity distribution, but the shapes of the NLO and approximate NNLO distributions 
are similar. 

The rapidity distribution of the top quark with m = 173 GeV at the LHC at 14 TeV energy 
is plotted in Figs. OandlU Fig. [3]shows NLO and approximate NNLO results for three different 
scale choices, fi = m/2, m, and 2m. Again, the scale variation of the Y distribution at NNLO 
is much smaller than that at NLO. 

Figure H] presents the results for da/dY at 14 TeV in a logarithmic plot for a wider range of 
Y values. The rapidity ranges shown in Figs. [3] and H] are of course wider than the corresponding 
ones in Figs. [T] and [U since the rate increases significantly at the higher energy. At 14 TeV 
the NNLO soft-gluon corrections provide a significant contribution, but the shapes of the NLO 
and the approximate NNLO distributions are similar. 

In all four figures we see that the rapidity distributions at the LHC are fairly symmetric. 
This is due to the fact that the gg — > ti channel is dominant at the LHC, and this channel is 
completely symmetric at all orders. We discuss this in more detail in Section 4. 
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Top quark rapidity at LHC S =7 TeV m=173 GeV 
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Figure 1: The top quark rapidity distribution at the LHC with y/S = 7 TeV, m = 173 GeV, 
and \x = m/2, m, 2m. 



Top quark rapidity at LHC S =7 TeV m=173 GeV 
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Top quark rapidity at LHC S = 14 TeV m=173 GeV 
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Figure 3: The top quark rapidity distribution at the LHC with \/S = 14 TeV, m = 173 GeV, 
and \x = m/2, m, 2m. 
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Top quark rapidity at LHC S =14 TeV m=173 GeV 
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Figure 4: The top quark rapidity distribution at the LHC with y/S = 14 TeV and fi = m = 173 
GeV in a logarithmic plot. 
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Top quark rapidity at Tevatron S =1.96 TeV m=173 GeV 




Finally, we note that the integrated rapidity distribution gives the same result for the total 
cross section as found in [7] at both LHC energies, which provides a good consistency check of 
the calculation. 



3 Top quark rapidity distribution at the Tevatron 

We continue with the top quark rapidity distribution at the Tevatron collider. Again, we present 
exact NLO and approximate NNLO (from NNLL resummation) results. 

The top quark rapidity distribution at the Tevatron with m = 173 GeV is plotted in Figs. [5] 
and EJ Fig. [5] shows the differential distribution da/dY at both NLO and approximate NNLO 
for three different scale choices, /x = m/2, m, and 2m. The integrated rapidity distribution 
gives the total cross section found in [7j, which is a good consistency check of the calculation. 
The scale variation of the Y distribution at NNLO is significantly smaller than at NLO, again 
as also found for the total cross section and the pt distribution in j7]. The NNLO soft-gluon 
corrections enhance the NLO result but the shape is not significantly affected. 

Figure [6] presents the top quark rapidity distribution at the Tevatron in a logarithmic plot 
that makes it easier to see da/dY for larger Y values. Again the fall of the distribution at 
larger Y is very steep. 

We note that, unlike the LHC results, at the Tevatron the rapidity distribution of the top 
quark is clearly not symmetric. The maximum of the distribution is not at Y = but at 
positive Y. We discuss this forward-backward asymmetry in the next Section. 
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Top quark rapidity at Tevatron S =1.96 TeV m=173 GeV 
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Figure 6: The top quark rapidity distribution at the Tevatron with \/~S = 1.96 TeV and 
= m = 173 GeV in a logarithmic plot. 

4 Top quark forward- backward asymmetry at the Teva- 
tron 

We define the top quark forward-backward asymmetry as 



The asymmetry has been calculated in [T7J [181 US] in NLO QCD, and more recently using 
threshold resummation at NLL in [20J and using SCET at NNLL in [21]. 

The leading-order (LO) production channels, qq — > ti and gg — > ti, are symmetric in 
rapidity, thus Apb vanishes at LO. The gg channel remains symmetric at all orders. However 
an asymmetry arises in the qq channel starting at NLO. Furthermore asymmetry arises from 
flavor excitation, gg -> qti [Til H21 HTi HS1 fl9]. 

Therefore by applying resummation we expect the gg channel to remain symmetric, but 
we will have contributions to the asymmetry from higher orders in the qq channel. Since the 
gg channel is dominant at the LHC, the asymmetry there is very small, as can also be seen 
from the fairly symmetric rapidity distributions presented in Section 2. At the Tevatron, on 
the other hand, the qq channel is dominant and the asymmetry is larger and evident from the 
rapidity distributions presented in Section 3. 

The measurements of A FB at CDF [9j and DO [10] have returned values substantially larger 
than the Standard Model prediction, so it is important to perform the most accurate calculation 
to have confidence in the theoretical prediction while seeking hints of new physics. 



^4fb 



a(Y > 0) - a{Y < 0) 
a(Y > 0) + a(Y < 0) ' 



(4.1) 
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Using the NNLO approximate rapidity distributions in the previous section, we find a top 
quark forward-backward asymmetry at the Tevatron of 0.052, or 5.2%, in the pp center-of-mass 
frame. This is a modest increase on the 4% NLO asymmetry. Uncertainties on this number can 
be estimated by varying the scale \i between m/2 and 2m as shown for the rapidity distributions. 
The value of 0.052 found for /x = m is a maximum, but the number can vary down to 0.046 
for /i = 2m, so we write A FB = 0.052±g;ggg. Current measurements at the Tevatron indicate 
asymmetries of 15% or more, with around two standard deviations excess over the theoretical 
prediction. 

5 Conclusions 

We have shown in this paper that the top quark rapidity distributions at the LHC and the 
Tevatron receive significant enhancements from soft-gluon corrections. These corrections have 
been resummed at NNLL accuracy by using the two-loop soft anomalous dimension matrices 
for the partonic processes. Approximate NNLO rapidity distributions have been derived from 
the NNLL resummed result. The NNLO soft-gluon corrections enhance the top quark rapidity 
distribution and greatly reduce the theoretical uncertainty from scale variation. The top quark 
forward-backward asymmetry at the Tevatron has been calculated. The theoretical prediction 
of 5.2% is significantly smaller than current experimental values. 
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